A tensile hot stage capable of temperatures up to 1470 K was constructed for the purpose of taking video X-ray topographs during the plastic deformation of silicon single crystals. The temperature is monitored by Pt-PtRh thermocouples and a pyrometer. The apparatus is designed for operation in vacuum or inert-gas atmosphere.
Introduction
The combination of high-power rotating-anode X-ray generators or synchrotron radiation with video X-ray topography offers excellent possibilities for dynamic experiments during plastic deformation of single crystals. A number of workers have studied deformation processes by conventional X-ray topography using nuclear emulsion film plates (George, Escaravage, Schr6ter & (_hampier, 1973; Kume & Kato, 1974; Bo~,en & Miltat, 1976; Debrenne, Mathiot & de Tournemine, 1980) . In this paper we present a remotecorrtrolled high-temperature tensile stage for the study of moving dislocations in silicon crystals by direct video display of X-ray topographic images. We used specimen dimensions of 28 x3x0.5 mm and designed the apparatus for transmission topography. One great advantage of our system is the fiber-optic temperature probe and the pneumatic transmission system. Fine rotation about the vertical axis is employed by remote control. In this way crystal orientation and position can be easily adjusted at high temperatures. An outline of the design and performance is described, and TV diffraction topographs of a silicon crystal with dislocation half-loops slipped under the action of the resolved shear stress are presented. Fig. 1 shows a general view of the tensile stage with the beryllium X-ray windows removed. The apparatus is mounted in a Eulerian cradle (Huber model 511) which can be translated in the x and y directions to provide scanning of the whole crystal specimen. The tensilestage assembly is shown schematically in Fig. 2 . It consists of a main body housing the furnace with sample holder, and two adjoining chambers containing the force transducer (model 717DZ from Erichsen Ltd) and the flexible bellows for compressed air. The complex drawing is best understood by focusing on the forcetransmission system first, and then considering the function of the remaining parts. Fig. 2 represents a simplified vertical section of the apparatus. Starting at the lower chamber of the hot stage, we show the bellows where the tensile load is applied. If the bellows is put under pressure the mechanical transmission system pulls at the lower chuck. Following the extension rod the two tensile chucks can be seen, and in the center part the silicon crystal is shown. The entire tensile system is ultimately held by a rigid suspension of the force transducer in the ceiling of the upper chamber. In order to protect this miniature force transducer from overheating this chamber is separated from the furnace by an isolating bellows. The spring force of these bellows can be assessed and calibrated. This ensures that the force transducer measures the force on the specimen only. Details of each part of the assembly are described below. 0021-8898/80/060601-04501.00
Design

Vacuum and cooling system
The vacuum and cooling system is also shown in Fig.  2 . It gives an outline of the water-cooled furnace which can be evacuated. The furnace walls are made of stainless steel and are welded vacuum tight. A side flange is connected to the vacuum pump. But the system can also be operated in inert-gas atmosphere at the experimentalist's choice. The two beryllium windows are mounted on the main chamber with water-cooled copper flanges. Their inner walls are covered with a chromium coating which serves as a reflecting heat shield. There are vacuum-tight connections through the steel walls for the heating elements, the thermocouples and the glass fiber.
Inner furnace
The inner furnace is attached to the main cylinder by an insulating ceramic mount. AC current is supplied directly to the heating elements. The heaters are made of pure graphite plates cut in a meander shape. Two heaters were used to reduce the vertical temperature gradient in the furnace. A small 400 W element was sufficient to heat the silicon sample, while a 700 W element was needed to heat the considerably larger mass of the tensile grips. The power supply in each heater is separately controlled by an electronic programmer and regulated by a thyristor. Two Pt-PtRh thermocouples positioned near the silicon specimen and the upper tensile chuck respectively provide the temperature feedback for the programmers. Accurate temperature control is crucial for any plasticdeformation experiment and observation of dislocation movement. Thermocouples have one well known disadvantage. They cannot be placed in direct contact with the specimen because they alloy with the sample. With the thermocouple probe located several millimeters from the sample it is not possible to obtain an accurate temperature reading. Therefore, we designed a fiber-optic probe for precision pyrometric measurements (Baumgart & Markewitz, 1980) . This design provides an independent contactless temperaturemeasuring method. Special care has been taken to mount the glass-fiber temperature probe on a small micrometer screw which permits a temperature scan along the entire length of the crystal specimen. In this way the vertical temperature profile of the specimen is easily recorded.
Sample holder
Steel grips cannot be used for tensile loading at temperatures above 970K. Therefore, we chose a special molybdenum alloy (TZM from Plansee Inc.). This material keeps its tensile strength even at 1470 K provided the heating is done in an inert-gas ambient or in vacuum. Fig. 3 shows a close-up photograph of the self-adjusting grips. The parts which are in direct contact with the silicon sample are made of graphite. Silicon specimens of a shape suitable for tensile testing and of the desired orientation were cut from wafers by an ultrasonic cutting machine. Fig. 4 indicates the crystallographic orientation of the single-crystal specimen.
Stress is applied by inflating the flexible bellows beneath the lower grip with compressed air. Ambient temperature changes in the pneumatic drive are fully compensated in the pressure-regulating system. Using a fine pressure regulator we can continuously vary the tensile load. X-ray topography is very sensitive to lattice bending, and any sudden change in tensile stress would result in losing the particular Bragg reflection used. Therefore, in the present system for dynamic deformation experiments monitored by live X-ray topography, it was decided to employ a pneumatic transmission system, because it is best suited for applying very gentle pressure increases. The tensile force is measured directly by a transducer located in the upper chamber, and is displayed in connection with the other data like temperature and time on a TV monitor showing the Xray topograph (see Fig. 5 ). Currently we are using a force transducer with a measuring range up to 200 N. Higher tensile forces would only produce heavy slip bands in the crystal which inhibit the study of isolated dislocations.
Performance
In practice, the specimen is inserted into the chucks at room temperature by removing one of the beryllium windows. After insertion of the crystal and reassembly of the system the furnace is evacuated to remove all -, -.,..., -,~ oxygen, and is subsequently filled with Ar inert gas. Then the furnace is rotated so that the Bragg-reflected X-ray beam can pass through the beryllium windows. Once the crystal is adjusted for a specific Bragg reflection the transmission topograph is recorded by a TV camera placed 35 mm from the specimen outside the furnace. Next the specimen is heated to the desired temperature and plastically deformed by applying pressure to the tensile rod. Of course the Bragg condition does not remain unchanged during such periods. However, the continuous X-ray topographic display on the TV monitor provides a convenient means for the experimentalist to detect any departure from Bragg's law and readjust the crystal immediately. The thermal stability of the system was monitored during an extended period of 8 h at 1273 K. The temperature was held constant within +_ 1 K. Fig. 5 gives a comparison between a transmission Lang topograph (Mo K~ radiation, 220 reflection) taken with a standard nuclear emulsion film plate and a topograph taken with TV X-ray topography (TV-XRT) at a temperature of 365 K during a heating period which reached 1170 K. Our TV-XRT system achieves a 175 x magnification by optical and electronic means (Hartmann, Markewitz, Rettenmaier & Queisser, 1975) . The film plate on the other hand gives a one-to-one image of the crystal, and the photographic close-up showing the same portion of the crystal as the TV monitor was produced by subsequent enlargement. The TV-XRT exhibits two crossed dislocation half-loops associated with two different slip systems, and a close inspection of the two topographs reveals excellent agreement. These dislocations were previously nucleated from surface scratches perpendicular to the primary slip system during plastic deformation at 923 K. Our specimens were oriented for a 1~3] tensile axis (see Fig. 4 ) and loop I belongs to the primary slip system (1-il) [10-i] with a Schmid factor of 0.467 while loop II belongs to the (1 li) [101] secondary slip system with a Schmid factor of 0.350. Because of the greater field of view, the film-plate topograph also shows several slip bands in the primary slip system at the left side which are out of view in the TV-XRT. They were introduced by heavy deformation of the crystal (Kulkarni & Williams, 1976) . But by applying sufficiently small tensile loads the formation of these slip bands can be avoided.
These first results show that the concept of this tensile hot stage is well suited for a study of isolated dislocation loops during plastic deformation and the measurement of dislocation velocities by live X-ray topography.
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